GL2-type genes have been recognized as plant-specific homeobox genes involved in epidermis development. Here we report the isolation and characterization of rice GL2-type homeobox genes. The BLAST searches using the rice genomic database revealed that there are at least nine GL2-type homeobox genes (Roc1-Roc9) in the rice genome. Among them, we have isolated full cDNA clones of five Roc genes, including previously reported Roc1. GL2-type homeodomain proteins have a dimerization motif, consisting of two leucine zipper-like motifs (LZ1 and LZ2) interrupted by a loop, adjacent to the C-terminal part of the homeodomain. The Roc proteins can form both homo-and hetero-dimers through leucine zipper motifs in various combinations. In situ hybridization, RNA gel blot analysis and RT-PCR experiment revealed that the five Roc genes commonly showed an epidermis-specific expression, but partially differed in the temporal expression pattern. These results suggest that the Roc genes can regulate a variety of processes in epidermis differentiation in a combinatorial way.
Introduction
The homeobox was first identified as a conserved DNA sequence in the homeotic genes of Drosophila (McGinnis et al. 1984, Scott and Weiner 1984) . The homeobox encodes the 60 amino-acid homeodomain, which is composed of three α-helices separated by loop and turn structures (Gehring 1987) . Homeodomain is a DNA-binding motif which recognizes specific DNA sequences, and thus the homeodomain protein is considered to act as a transcription factor. The homeobox genes have been recognized as the master control genes that specify the body plan and regulate the development of many eukaryotic organisms, including animals, plants and fungi (Gehring et al. 1994) .
In plants, KNOTTED1 (KN1) is the first identified homeobox gene (Vollbrecht et al. 1991) . Since the identification of KN1 as a homeobox gene, a large number of plant homeobox genes have been isolated and classified into six subclasses by their sequence identity within a homeodomain and the presence of other distinctive motifs (Chan et al. 1998 , Ito et al. 2002 . These include the KNOTTED-type (HD-KN1) homeodomain proteins, the homeodomain leucine zipper proteins (HD-ZIP) (Ruberti et al. 1991) , the plant homeodomain finger proteins (PHD-finger) (Bellmann and Werr 1992, Schindler et al. 1993) , the GLABRA2 (GL2)-type homeodomain proteins (HD-GL2) (Rerie et al. 1994) , the BELL1 homeodomain proteins (HD-BELL1) (Reiser et al. 1995) and WUSCHEL-type homeodomain proteins (Mayer et al. 1998) . The HD-KN1 proteins and the HD-ZIP proteins are further subdivided into several subclasses (Chan et al. 1998) .
It has been reported that many plant homeodomain proteins have a domain for protein-protein interaction. For example, the HD-ZIP proteins have a leucine zipper motif (Ruberti et al. 1991) . The PHD-finger proteins have a cysteinrich finger motif (Schindler et al. 1993) . The KNOX domain of the HD-KN1 proteins is essential for protein-protein interaction (Nagasaki et al. 2001) . It has been also reported that the HD-GL2 proteins have leucine zipper-like segments (Di Christina et al. 1996) .
The first GL2-type homeobox gene was identified from Arabidopsis glabra2 (gl2) mutant (Rerie et al. 1994 , Di Christina et al. 1996 . The GL2 gene is involved in trichome development and root-hair development. In the trichome development, the GL2 gene is expressed in epidermal trichome-producing cells in stems and leaves, and is required for cell expansion, branching and maturation. Therefore, the gl2 mutation results in abnormal trichome expansion (Hulskamp et al. 1994 , Rerie et al. 1994 .
So far, several GL2-type homeobox genes have been cloned. The ATML1 is expressed in the protodermal cells from the early stage of embryogenesis (Lu et al. 1996) . Similarly, the ZmOCL1 is expressed in the protodermal cells from the early stage of embryogenesis, and is also expressed in the outer layer of the developing root apical meristem (RAM) (Ingram et al. 1999) . The O39 gene is expressed in the placental epidermis, the ovule primordium and archesporial cells . Thus, the GL2-type homeobox genes are likely to be specifically involved in the epidermal cell differentiation.
To date, one GL2-type homeobox gene, Roc1, has been isolated in rice (Ito et al. 2002) . However, a larger number of GL2-type genes is expected to function in the epidermis. To analyze the regulatory mechanisn of epidermal differentiation, we attempted to isolate a larger number of GL2-type Communicated by N. Kurata Received January 16, 2003 . Accepted March 5, 2003 homeobox genes from rice. Sequence comparison revealed that the GL2-type homeodomain proteins are classified into several subtypes by the structure of the dimerization motif. Furthermore, based on the results of detailed expression and interaction analyses, we will describe the roles of the Roc genes in epidermal cell differentiation.
Materials and Methods

Plant growth conditions
Rice plants (Oryza sativa L. cv. Taichung65) were grown in a paddy field or in a greenhouse at 30°C (day) and 24°C (night).
Amplification of homeodomain by PCR method
The genomic DNA from 2-week-old seedlings was amplified by PCR using two oligonucleotide primers corresponding to the conserved amino acid region of the homeodomain (5′ CCICA(C/T)CCIGA(C/T)GA(A/C/G/T) AA(A/G)CA 3′, and 5′ TT(C/T)TG(A/G)AACCA(A/G)AA (T/C)TT(A/C/G/T)AC(C/T)TG 3′). Amplified fragments were cloned into pCRII (Invitrogen) and sequenced. One clone corresponding to Roc1 was used as a probe for further screening of the cDNA clone.
Screening of cDNA and genomic library
A cDNA library constructed from developing ovaries/ embryos was screened with a probe prepared as mentioned above. Hybridization was performed in 50 % formamide, 6 × SSC (1 × SSC is 0.15 M NaCl, 15 mM sodium citrate), 5 × Denhardt's solution (1 × Denhardt's solution is 0.02 % Ficoll, 0.02 % PVP, 0.02 % BSA), 0.5 % SDS, and 0.1 mg/mL salmon sperm DNA at 42°C for 14 h and the filters were washed in 2 × SSC, 0.1 % SDS at room temperature and then further washed in 0.2 × SSC, 0.1 % SDS at 65°C.
Sequence analysis
Nucleotide sequences were determined by the dideoxynucleotide chain-termination method using an automated sequencing system (ABI373A). The cDNA clone was completely sequenced for both strands. Analysis of cDNA and amino acid sequences was carried out using GENETYX computer software (Software Kaihatsu Co., Tokyo).
Mapping of the Roc genes in rice recombinant inbred lines
To map the Roc genes, 71 recombinant inbred lines from a cross between two rice cultivars, Asominori (a Japonica rice) and IR24 (an Indica rice), were used. Restriction fragment length polymorphism (RFLP) analyses were performed with probes specific for each Roc gene. Linkage analysis was performed using the MAPMAKER program (Whitehead Inst. Biomed. Res./M. I. T. Center Genome Res, Cambridge, MA).
RNA gel blot analysis
Total RNAs were prepared from various organs for RNA gel blot analysis. Five µg of each RNA preparation was electrophoresed on a 1 % agarose gel, then transferred to a Hybond N + membrane (Amersham) and hybridized with the N-terminal half of each Roc gene cDNA as probe. Hybridization was performed in 50 % formamide, 6 × SSC, 5 × Denhardt's solution, 0.5 % SDS, and 0.1 mg/mL salmon sperm DNA at 42°C for 14 h. Each filter was washed in 2 × SSC, 0.1 % SDS at room temperature and then further washed in 0.2 × SSC, 0.1 % SDS at 65°C.
In situ hybridization
Shoot apices and crown roots of 2-week-old seedlings were fixed in 4 % (w/v) paraformaldehyde and 0.25 % glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4, overnight at 4°C, dehydrated through graded ethanol series and then t-butanol series (Sass 1958) , and finally embedded in Paraplast Plus (Sherwood Medical). Microtome sections (7-10 µm thick) were applied to glass slides treated with Vectabond (Vector Labs). In situ hybridization with digoxigeninlabeled sense or antisense RNA and detection of signals were conducted according to the method of Kouchi and Hata (Kouchi and Hata 1993) .
RT-PCR
Total RNA was prepared from developing ovaries/ embryos for RT-PCR analysis. 50 ng of total RNA was used for first strand cDNA synthesis with the Omniscript RT Kit (QIAGEN). PCRs were performed using pairs of genespecific primers. Primers were set up to flank intron(s) to distinguish amplification from mRNA and contaminated genomic DNA. Products were visualized by agarose gel blotting and hybridization with the appropriate cDNA fragments under stringent conditions.
Yeast two-hybrid analysis
The MATCHMAKER yeast two-hybrid system (Clontech) was used. The N-terminal half of each Roc gene with homeodomain and leucine zipper motif was inserted into the yeast expression vectors pACT2 and pGBT9. To determine the interaction affinity, a yeast strain, Y187, was used. The β-galactosidase liquid assay was performed according to the Clontech manual.
Results
Cloning of full cDNA clones of four novel GL2-type homeobox genes
To determine the number of GL2-type homeobox genes in the rice genome, we conducted BLAST searches using rice genomic databases provided by Torrey Mesa Research Institute and Beijing Genomics Institute (Goff et al. 2002 . These BLAST searches detected in the rice genome at least nine GL2-type genes with homeobox and leucine zipper-like motif (Roc1-Roc9).
Sequence comparison of GL2-type homeodomain proteins revealed the presence of two putative leucine zipper motifs, leucine zipper 1 (LZ1) and 2 (LZ2), adjacent to the C-terminal part of the homeodomain and each leucine zipper motif was composed of two to four leucine heptad repeats (Fig. 1A) . To elucidate the structural relationship of the homeodomains in Roc and other GL2-type proteins, we performed a phylogenetic analysis of the homeodomains (HDs) using the unweighted pair group method with arithmetic mean (UPGMA). Although the number of heptad repeats in LZ1 and LZ2 varied among the GL2-type homeodomain proteins (Fig. 1) , members in a clade showed the same number of heptad repeats in LZ1 and LZ2 (Fig. 1B) . For example, Roc4, Roc5, Roc6, ZmOCL1, ZmOCL3, ANL2 and AHDP1 belonging to a large clade had three and two heptad repeats in LZ1 and LZ2, respectively. The same tendency was observed in other clades. In addition, the distance between the LZ1 and homeodomain in GL2-type proteins was identical with that between the leucine zipper and DNAbinding domain in typical bZIP and HD-ZIP proteins (Schena and Davis 1992, Palena et al. 1997) .
Then, to isolate full cDNA clones of Roc genes, a cDNA library constructed from the rice ovary/embryo mRNA was screened with the homeobox region of previously reported Roc1 (Ito et al. 2002) , under the low-stringency conditions. As a result, we obtained 15 clones. Sequence analysis revealed that the clones represented five different GL2-type homeobox genes. One was Roc1, and the remaining four were novel GL2-type homeobox genes, Roc2, Roc3, Roc4 and Roc5.
The Roc2, Roc3, Roc4 and Roc5 cDNA clones contained open reading frames encoding 783, 879, 813 and 790 amino acids, respectively. All of the clones contained a conserved homeodomain (60 amino acids) at the N-terminal side as in the case of other GL2-type homeobox genes (Fig.  1A ). An acidic domain, a hydrophilic domain and a polar domain were also found. Based on RFLP analysis, Roc1, Roc2, Roc3, Roc4 and Roc5 were mapped to chromosomes 8 (position 84.0 cM), 4 (position 19.8 cM), 10 (position 86.1 cM), 4 (position 38.2 cM) and 2 (position 44.5 cM), respectively (Fig. 2) .
In situ location of the Roc mRNAs in the shoot and crown root apices
To define the spatial expression pattern of the Roc genes, we conducted in situ hybridization experiments with the digoxygenin-labeled antisense RNAs of Roc1, Roc2, Roc3, Roc4 and Roc5 as probes. Control experiments with the digoxygenin-labeled sense RNAs of each Roc gene confirmed that hybridization of the antisense probe was specific (data not shown).
In the vegetative shoot apex, the five Roc genes were expressed in the L1-layer of the meristem (Fig. 3A-F) . In addition, all these Roc genes were expressed in the epidermis of leaf primordia surrounding the vegetative meristem. In the crown root apex, signals of Roc1 and Roc2 were not detected (Fig. 4A, B) , but relatively weak signals of Roc3 (Fig.  4C ) and strong signals of Roc4 and Roc5 (Fig. 4D-F) were preferentially detected in the epidermis. The expression of all the five genes in the epidermis of the crown roots was specific to early developmental stages, and was not observed in the mature roots.
Expression of Roc genes in different organs
To determine the expression pattern of the five Roc genes in various organs of rice, we conducted a RNA gel blot hybridization analysis using the whole sequence of each Roc gene cDNA as probe. Total RNA was extracted from the shoot apex, inflorescence apex, young root, old root, stem, rachis and leaf blade (Fig. 5 ). Roc1 and Roc2 showed a similar expression pattern, and were mainly expressed in the shoot apex, inflorescence apex, and leaf blade, with a weaker expression in stems and rachis. Roc3 was mainly expressed in the shoot apex and inflorescence apex, and at a low level in the stem. The Roc4 transcript was detected in all the organs at a low level, but at a relatively high level in the rachis. Roc5 transcript was not detected. In young and old roots, only the Roc4 transcript was detected. To avoid crosshybridization of the probes with other homeobox genes, we also performed the same experiment with the 3′ non-coding regions as a probe. The blot pattern was the same as that of the whole sequences of the Roc genes as probe, demonstrating that whole cDNA sequence of each Roc gene specifically recognized the specific Roc mRNA under the present hybridization conditions.
Expression pattern of Roc genes during embryo development
To define the temporal expression pattern of the five Roc genes in developing embryos, we conducted RT-PCR experiments using 3′ non-coding primer pairs of each gene. The total RNAs from half ovaries, including developing globular embryos at 1, 3 days after pollination (DAP), and from embryos at 5, 7 and 9 DAP were isolated and analyzed. The samples at 1 and 3 DAP included not only embryos but also endosperm and maternal tissues. However, it is likely that the expression in this experiment was derived mostly from embryos since we removed other tissues than embryo as much as possible. The profiles of the expression pattern of each Roc gene could be categorized into three types (Fig. 6) . The first type was represented by Roc1, Roc3 and Roc5, whose expression was weak at 1 DAP and became stronger until 5 DAP, and was downregulated at 7 and 9 DAP. In the second type, Roc2, the expression was strong at 1 DAP and strongest at 3 DAP, and then it became rapidly downregulated. The third type, Roc4, also showed a relatively strong expression at 1 DAP, and the expression became strongest at 3 DAP, and gradually decreased until 7 DAP. It is interesting to note that the expression of Roc2 and Roc4 had significantly revived at 9 DAP.
Dimerization analysis among Roc proteins
The simultaneous expression of the five Roc genes in the epidermis suggested that the Roc proteins may form not only homodimers as reported in some other GL2-type proteins, but also heterodimers with each other. To examine this possibility, we investigated the protein-protein interactions between five Roc proteins through LZ-like motifs, using a quantitative yeast two-hybrid assay. First, we tested the transactivation of LacZ by GAL4 DB fused with five Roc proteins. As shown in Fig. 7A , Roc1 and Roc3 exhibited a very high transactivation of LacZ. On the other hand, since Roc2, Roc4 and Roc5 failed to show a transactivation of LacZ, we examined the protein-protein interaction between bait constructs of Roc2 and Roc5, fused to the GAL4 binding domain (GAL4-DB), and prey constructs of the five Roc proteins fused to the GAL4 activation domain (GAL4-AD). In the case of the Roc2 bait construct, Roc2/Roc4 and Roc2/Roc5 heterodimers exhibited approximately a seven-to nine-fold higher activity than the Roc2/Roc2 homodimer, suggesting that Roc2 prefered to form an heterodimer with Roc4 or Roc5 than to form a Roc2/Roc2 homodimer (Fig. 7B ). In the case of the Roc5 bait construct, the Roc5/Roc5 homodimer showed the highest β-galactosidase activity, suggesting that Roc5 preferred to form a homodimer than a heterodimer with other Roc proteins. However, the significant β-galactosidase activity in heterodimer formation indicated that Roc5 protein could also form a heterodimer with other Roc proteins (Fig. 7B) .
The above results suggest that Roc proteins can form not only homodimers but also heterodimers in various combinations.
Discussion
Roc genes are members of the GL2-type homeobox gene family In this study, we isolated full cDNA clones of four novel GL2-type homeobox genes, Roc2, Roc3, Roc4 and Roc5, from rice. The products of the five Roc genes, including previously isolated Roc1, shared a highly conserved homeodomain (60 amino acids) at the N-terminal side as in the case of other GL2-type homeobox genes. The acidic domain, hydrophobic domain and polar domain, which have been observed in all the other plant GL2-type homeodomain proteins, were also conserved (Rerie et al. 1994 , Di Cristina et al. 1996 , Lu et al. 1996 , Valle et al. 1997 , Ingram et al. 1999 , Kubo et al. 1999 , Ingram et al. 2000 . Therefore we concluded that the Roc genes are members of the plant GL2-type homeobox gene family.
Sequence comparison among the GL2-type homeodomain proteins, including Roc proteins, revealed that all of the GL2-type homeodomain proteins have a dimerization motif adjacent to the C-terminal part of the homeodomain (see below). This dimerization motif is characteristic of GL2-type homeodomain proteins.
GL2-type homeodomain proteins can form both homo-and hetero-dimers through leucine zipper-like motifs in various combinations Homeodomain proteins are transcriptional factors with a well-conserved DNA binding motif known as homeodomain (Gehring et al. 1994) . In many cases, molecular interactions among homeobox genes are important for efficient DNA binding (Knoepfler et al. 1997 , Bischof et al. 1998 . Dimerization may be required for high stability and specificity in DNA binding.
In the GL2-type homeodomain proteins, the dimerization motif consisted of two leucine zipper motifs (LZ1 and LZ2) interrupted by a loop. The leucine zipper motif is a α-helix with periodic repetition of leucine residues at every seventh position (Landschulz et al. 1988) . Stable coiled coils of leucine zipper are approximately four-heptad long, and many typical leucine zipper motifs have four leucine heptad repeats (Berger et al. 1995) . The leucine residues of the leucine zipper motif are sometimes replaced by isoleucine or methionine (Landschulz et al. 1988, Schena and Davis 1992) .
A previous study demonstrated that the hahr1 protein is able to form a stable homodimer. Furthermore, dimer formation is a prerequisite for efficient DNA binding (Palena et al. 1997) . The GL2 protein is also able to form a stable homodimer (Di Cristina et al. 1996) . GL2 and hahr1 proteins have three heptad repeats in both LZ1 and LZ2. The homoor hetero-dimerization ability of Roc2, Roc4 and Roc5 suggests that LZ1 or LZ2 with only two heptad repeats is sufficient for the stabilization of the dimer, and that they can form heterodimers, irrespective of the number of leucine heptad repeats. Furthermore, the proteins do not always prefer to form homo-dimers, but sometimes prefer to form a heterodimer with other Roc proteins. For example, the Roc2 protein preferred to form a heterodimer with the Roc4 or Roc5 protein rather than forming a homodimer.
Amino acid positions in each heptad of leucine zippers are usually designated from a to g, with leucine present at d positions (Fig. 1A) . All the GL2-type homeodomain proteins previously reported displayed positively charged residues at position e and negatively charged residues at position g (Fig. 1A) . The interhelical ion pairs at positions e and g are considered to be important for the specificity and stability of dimerization (O'Shea et al. 1991 , O'Shea et al. 1992 , and may allow those genes to form stable homo-or heterodimers in various combinations within GL2-type homeodomain proteins.
The distance between LZ1 and the homeodomain is always conserved and is identical with that between the leucine zipper and DNA-binding domain of typical bZIP or HD-ZIP proteins (Schena and Davis 1992, Palena et al. 1997) . Thus, the distance has been found to be very important for efficient DNA binding (Agre et al. 1989 , Vinson et al. 1989 . This preservation may also be important for the function of GL2-type homeodomain proteins.
GL2-type homeobox genes may regulate several aspects of epidermis differentiation in combination
All the GL2-type homeobox genes so far reported showed a L1-layer-or dermal-specific expression except for ZmOCL2 from maize, which is expressed in the L2-layer of the meristem (Ingram et al. 2000) . Therefore, the GL2-type homeobox genes have been considered to be a specialized group of plant homeobox genes for protoderm or epidermis development. The epidermis-specific expression indicates that the Roc genes play important roles in the epidermis development like other GL2-type homeobox genes.
As in the case of many other developmental events, epidermis differentiation includes various aspects. Epidermal system consists of several cell types varying in shapes and functions such as hairs, bulliform cells, guard cells and so on, indicating that a coordinated regulation of many genes is involved in epidermis differentiation.
Present and previous data indicate that the GL2-type homeodomain proteins can form both homo-and heterodimers in various combinations. As mentioned above, almost all the GL2-type homeobox genes, including Roc genes, are specifically expressed in the epidermis (protoderm) (Lu et al. 1996 , Ingram et al. 1999 , Ingram et al. 2000 , Ito et al. 2002 . However, each GL2-type homeobox gene shows a particular expression pattern in organ specificity or developmental stage specificity (Di Cristina et al. 1996 , Lu et al. 1996 , Valle et al. 1997 , Kubo et al. 1999 , Ingram et al. 2000 . The Roc genes also differ from each other in various temporal expression patterns but show an overlapping expression in various combinations. Thus the Roc proteins coexist in different combinations in epidermal cells depending on their developmental stages. Combinatorial regulation is one of the ways to specify various target genes with a relatively small number of upstream transcriptional regulators. For example, Fos, Jun and other bZIP family members in animals can form hetero-or homo-dimers in various combinations, and they can recognize various sequences depending on their combinations (Halazonetis et al. 1988 , O'Shea et al. 1992 , Kerppola and Curran 1994 . A variety of combinations of Roc proteins may lead to epidermal differentiation with many cell types.
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